well as the mechanism whereby TRANCE signaling overcomes it, allowing osteoclastogenesis to proceed.
INTRODUCTION
Osteoclasts play an important role in bone metabolism by resorbing the bone matrix.
These cells originate from hematopoietic precursors and share a common progenitor with macrophages and DCs. Two essential cytokines, macrophage colony-stimulating factor (M-CSF) and TRANCE (also called RANKL, OPGL, and ODF), enable osteoclast differentiation from their monocyte/macrophage lineage precursors. [1] [2] [3] It has been shown that TRANCE induces activation and/or induction of transcription factors such as Mitf, PU.1, and NFATc1. [4] [5] [6] Mitf is known to be important for osteoclastogenesis in vitro and in vivo. [7] [8] [9] TRANCE activates Mitf via the MKK6/p38 signaling cascade.
Subsequently, activated Mitf induces the expression of target genes, including TRAP, cathepsin K, and OSCAR, which are important for osteoclast differentiation or function, [9] [10] [11] [12] [13] by binding to the canonical E-box sequence in the promoter region of those genes.
The HLH family of transcriptional regulatory proteins have important roles in developmental processes including neurogenesis, myogenesis, and hematopoiesis.
14 Tissuespecific bHLH proteins form dimers with E proteins, ubiquitously expressed bHLH transcription factors, which bind to the E-box sequence CANNTG. HLH proteins can bind to bHLH transcription factors via their HLH domain; the resulting heterodimers are unable to bind to DNA because HLH proteins lack the necessary basic motif.
4 is shown to inhibit their ability to differentiate under appropriate conditions. 16 Although Id genes regulate cell proliferation and differentiation in many cell types, the role of Id genes in osteoclast differentiation has not been determined.
We report here that TRANCE downregulates the expression of Id genes. In addition, the overexpression of Id genes in BMMs inhibits TRANCE-mediated osteoclastogenesis, but does not affect the phagocytic activity or differentiation of common precursors into DCs.
Furthermore, Id proteins can associate with Mitf and can inhibit Mitf binding to the promoter of OSCAR, a costimulatory molecule in osteoclast formation. Thus, this study shows that the Id family, downmodulated by TRANCE, is the first example of repressors that may play an important role in TRANCE-mediated osteoclastogenesis.
For personal use only. on November 16, 2017. by guest www.bloodjournal.org From 7 sodium tartrate, and 1% Triton X-100). Cell lysates were incubated with p-nitrophenyl phosphate (pNPP) solution (Sigma-Aldrich) at 37°C for 20 minutes. The reactions were stopped with 1M NaOH and OD values were determined at 405 nm. To determine cell proliferation, an MTT assay was performed. The cultured cells were incubated with 25 µl/well of MTT solution (5 mg/ml) for 2 h at 37°C. After incubation for 24 h, formazan crystals were dissolved in 100 µl of extraction buffer (20% SDS/50% DMF) and the absorbance was measured at 570 nm using a microplate reader.
Phagocytosis assay -BMMs were infected with retroviral supernatant for 8 h and cells were cultured for 2 days with M-CSF (30 ng/ml) or M-CSF (30 ng/ml) and TRANCE (100 ng/ml).
Fluorescein-conjugated zymosan A (Saccharomyces cerevisiae) Bio Particle (Molecular Probes) was added to cultured cells in 96-well culture plates (20 µg/0.2 ml/well). After 1 h incubation, cells were washed with PBS to remove the particles that were not incorporated by the cells.
Cells were fixed and observed with UV illumination under the microscope.
Cell culture and FACS analysis -DCs were prepared from BMMs with modification as previously described. 22 The harvested cells were resuspended in RPMI 1640 medium supplemented with 5% FBS, and BMMs were seeded in 24-well plates with GM-CSF (10 ng/ml).
Cells were cultured for 4 more days with replacement of fresh medium containing the same concentration of GM-CSF on day 2. On day 4, another milliliter of fresh medium containing 1 µg/ml of LPS (Sigma-Aldrich) was added to cultures to stimulate the maturation of DCs. The next day, the cells were harvested and analyzed with anti-CD86, anti-CD11b, anti-I-A b , and antiCD11c antibodies. For macrophages, BMMs were transduced with pMX-puro (control) or pMX-puro-Id2. Transduced BMMs were selected with puromycin for 2 days. Selected cells Beads were washed for three times with lysis buffer and boiled for 5 minutes in sample loading buffer. Samples were subjected to SDS-PAGE and transferred onto polyvinylidene difluoride membrane (Millipore). X-ray film was then exposed by the membrane overnight. For personal use only. on November 16, 2017. by guest www.bloodjournal.org From E-box wild and mutant type sequences used were as follows: E-box 2 wild type, 5'-CAG GAC TCT CAC ATG GCT TTC TG-3' (sense) and 5'-CA GAA AGC CAT GTG AGA GTC CTG-3' (antisense), E-box 2 mutant type, 5'-CAG GAC TCT GAG ATG GCT TTC TG-3' (sense) and 5'-CA GAA AGC CAT CTC AGA GTC CTG-3' (antisense).
RESULTS

TRANCE downregulates the expression of Id genes
TRANCE induces activation and induction of transcription factors including NF-B, cfos, Mitf, and NFATc1, and thereby supports osteoclast differentiation from precursors. [4] [5] [6] To identify important genes for osteoclast differentiation, we performed PCR-select™ cDNA subtraction between osteoclasts and macrophages derived from common precursors (BMMs), and found that Id2 was downregulated in osteoclasts compared to macrophages. To confirm the differential expression of the Id2 gene in both cells, we examined the expression pattern of Id genes during TRANCE-mediated osteoclastogenesis. Among the four known members of the Id family, Id1, Id2, and Id3 are expressed in the RAW264.7 cell line, which is derived from the monocyte/macrophage lineage and is capable of differentiating into osteoclasts and resorbing bone. The expression of these genes was significantly reduced 1 h after TRANCE treatment and was maintained at that low level throughout the osteoclastogenic process, whereas the expression of TRAP, a marker for mature osteoclasts, increased as the cells differentiated (Fig. 1A) .
However, Id4 was not detected in any stage of osteoclastogenesis mediated by TRANCE (data not shown). In addition, when BMMs were stimulated with TRANCE to induce osteoclast differentiation, the expression of Id genes was reduced by TRANCE treatment and slightly increased at the end of osteoclastogenesis (Fig. 1B) .
Mitf, a bHLH transcription factor, is known to regulate osteoclastogenesis mediated by TRANCE. [7] [8] [9] It has been shown that TRANCE signaling in osteoclasts results in Mitf phosphorylation mediated by a MKK6/p38 signaling cascade and also induces expression of the Mitf gene. These results suggest that TRANCE signaling regulates the expression of bHLH and HLH transcription factors during osteoclast differentiation and that the balance of expression of these genes may be important for the process of osteoclastogenesis.
Overexpression of Ids inhibits osteoclast formation from BMMs, but does not affect phagocytosis or DC differentiation
To investigate the role of Id genes in osteoclastogenesis mediated by TRANCE, we overexpressed Id genes in BMMs using a retroviral vector. Transduced BMMs were cultured with M-CSF alone or M-CSF and TRANCE, and were stained for TRAP ( Fig. 2A) . Although a small number of TRAP(+) mononuclear cells were detected, overexpression of Id1, Id2, or Id3 gene largely inhibited the formation of TRAP(+) MNCs mediated by M-CSF and TRANCE, whereas control vector-infected BMMs could mature into osteoclasts ( Fig. 2A and 2B ).
Moreover, whereas TRANCE treatment of control vector-infected BMMs increased TRAP activity in a dose-dependent manner, overexpression of Id genes in BMMs attenuated this TRANCE-mediated TRAP activity (Fig. 2C) . We confirmed that overexpression of Id genes did not affect the proliferation or survival of BMMs by means of an MTT assay (Fig. 2D ). When transduced BMMs were cocultured with primary osteoblasts in the presence of 1,25(OH) 2 D 3 and PGE 2 , the number of TRAP(+) MNCs was significantly reduced by overexpression of Id genes compared to that of control vector, although the efficiency of inhibition by overexpression of Id genes in coculture was not strong as that in BMM culture ( Fig. 2E and 2F ). These data suggest that Id genes may have a role for osteoclast differentiation mediated by TRANCE.
It is believed that macrophages, osteoclasts, and DCs originate from the same precursors.
Recently, we showed that BMMs have phagocytic activity, characteristic of macrophages, but that their phagocytic activity was abolished by stimulation with M-CSF and TRANCE in vitro. (Fig. 4) . These data suggest that downregulation of Id genes may play a role in determining destiny of common precursors toward osteoclasts rather than macrophages or DCs.
Id proteins regulate the gene expression of OSCAR, through interaction with Mitf, as well
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as that of NFATc1
Mitf, a bHLH transcription factor, plays an important role in osteoclast differentiation. To determine whether Id proteins can modulate the binding of Mitf to E-box of OSCAR promoter, EMSA was performed in the presence of GST-Id fusion proteins. When the purified GST-Id fusion proteins were added to the reaction mixture, we observed a significant, dosedependent decrease of Mitf binding to labeled probe (E box 2 of OSCAR promoter) caused by increasing doses of GST-Id proteins, but not by GST alone (Fig. 5C ). This result suggests that Id proteins decrease Mitf binding to E-box of OSCAR promoter by association with Mitf.
We have previously shown that Mitf induces expression of OSCAR, which is a modulator of osteoclastogenesis. (Fig 5G) . These results suggested that Id proteins regulate the gene expression of OSCAR, through interaction with Mitf, as well as that of NFATc1.
Deficiency of Id2 enhances TRANCE-induced osteoclast formation
Since Ids act as negative regulators for osteoclastogenesis, we investigated their physiological role in osteoclastogenesis. BMMs from WT or Id2 KO mice were cultured with M-CSF and TRANCE. As expected, TRANCE induced osteoclast formation in a dosedependent manner in WT ( Fig. 6A and 6B) . Intriguingly, the number of TRAP(+) MNCs was higher in Id2 KO compared to WT. However, the deficiency of Id2 did not significantly affect the phagocytic activity or the expression level of F4/80 and c-fms, markers for macrophages ( This implies that the other molecules might be involved in osteoclastogenesis.
Here, we propose a possible schematic model of OSCAR gene regulation in osteoclastogenesis based on our results and on previous studies (Fig. 7) . In the early stage of osteoclastogenesis, M-CSF activates phosphorylation of Mitf and also induces expression of RANK in response to TRANCE. 
12,34,35
Later, TRANCE also activates NFATc1 through MKK6/p38 allowing NFATc1 to induce its target genes in a synergistic manner with other transcription factors including Mitf and PU.1.
17,35
At a late stage, a positive feedback circuit involving TRANCE, NFATc1, and OSCAR induces the efficient differentiation of osteoclasts. 17, 26, 36 HLH transcription factors are required for a multitude of important developmental processes, including neurogenesis, hematopoiesis, myogenesis, and pancreatic development. 
37-40
It has been shown that Id proteins can associate specifically with MyoD, E12, and E47, thereby attenuating their ability to bind DNA, and that overexpression of Id inhibits the transactivation of the muscle creatine kinase enhancer by MyoD, a bHLH transcription factor. For personal use only. on November 16, 2017. by guest www.bloodjournal.org From murine Mitf cDNA was prepared from TNT rabbit reticulocyte lysate as described in the experimental procedures. Oligonucleotides spanning E-box 2 in the murine OSCAR promoter was used as probe for EMSA. Specific binding was determined by cold competition using unlabeled wild-or mutant-type probe at 10-and 100-fold molar excess concentrations (lane 3-6).
Mitf lysate and probe were incubated with indicated amounts (1-3 µg) 
Figure 4
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